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Summary
The discovery of melanopsin-dependent inner retinal
photoreceptors in mammals [1, 2] has precipitated
a fundamental reassessment of such non-image form-
ing (NIF) light responses as circadian photoentrain-
ment and the pupil light reflex. By contrast, it remains
unclear whether these new photoreceptors also play
a role in classical image-forming vision. The retinal
ganglion cells that subserve inner retinal photorecep-
tion (ipRGCs) project overwhelmingly to brain areas
involved in NIF responses [3–6], indicating that, in
terms of central signaling, their predominant function
is non-image forming. However, ipRGCs also exhibit
intraretinal communication via gap junction coupling
[7], which could allow them to modulate classical
visual pathways within this tissue. Here, we explore
this second possibility by using melanopsin knockout
(Opn42/2) mice to examine the role of inner retinal
photoreceptors in diurnal regulation of retinal func-
tion. By using electroretinography in wild-type mice,
we describe diurnal rhythms in both the amplitude
and speed of the retinal cone pathway that are a func-
tion of both prior light exposure and circadian phase.
Unexpectedly, loss of the melanopsin gene abolishes
circadian control of these parameters, causing sig-
nificant attenuation of the diurnal variation in cone
vision. Our results demonstrate for the first time a
melanopsin-dependent regulation of visual process-
ing within the retina, revealing an important function
for inner retinal photoreceptors in optimizing classical
visual pathways according to time of day.
*Correspondence: m.hankins@imperial.ac.uk (M.W.H.); robert.lucas@
manchester.ac.uk (R.J.L.)Results and Discussion
A Diurnal Variation in the Murine Cone ERG
The day/night cycle in environmental illumination im-
poses a substantial variation in functional demands
upon the visual system. The retinal response, recorded
in a variety of vertebrate species, includes diurnal
rhythms in several aspects of physiology and anatomy
[8–25], which are thought to target regenerative events
to appropriate times of day and optimize the twice daily
transitions between scotopic (rod-based) and photopic
(cone-based) vision. Despite their importance, the
mechanisms underlying these events remain incom-
pletely understood, especially in mammals.
A potential new origin for the diurnal regulation of ret-
inal physiology and anatomy comes from the recent dis-
covery of inner retinal photoreceptors in mammals. A
subset of retinal ganglion cells (RGCs) comprise a novel
class of directly light-sensitive cells [26]. These intrinsi-
cally photosensitive RGCs (ipRGCs) employ the photo-
pigment melanopsin [27–29] and provide light informa-
tion to brain areas responsible for the circadian and
diurnal regulation of behavior and physiology [3–5]. In
addition to such central functions, a local, intraretinal
role for such nonrod noncone photoreceptors has
been suggested in humans [30]. At present, direct evi-
dence in support of such a function for melanopsin pho-
toreceptors is lacking. However, ipRGCs have been
shown to maintain gap junction connections with other
components of the ganglion cell layer (presumably ama-
crine and/or ganglion cells) in mice [7], providing a po-
tential substrate for the intraretinal export of melanopsin
signaling.
The availability of Opn42/2 mice, in which ipRGCs are
no longer photoreceptive [2], provides a unique oppor-
tunity to test the hypothesis that inner retinal photore-
ceptors regulate retinal function. However, until now
the adoption of such molecular genetic techniques to
explore diurnal regulation of retinal function in mammals
has been hampered by the lack of simple experimental
protocols with which to study these events in mice. In
order to overcome this problem, we first set out to ex-
plore time-of-day differences in the activity of visual
pathways in mice by electroretinography. On the basis
of preliminary investigations (data not shown), we chose
to concentrate on the activity of events originating with
cone photoreceptors. This was achieved by measuring
responses to a series of bright white flashes (at 0.5 Hz)
applied against a blue, rod-saturating background light.
In all experiments, animals were exposed to at least 10
min of darkness prior to recording in order to ensure
a standardized and essentially dark-adapted state for
cone photoreceptor sensitivity. This approach elicited
a characteristic electroretinogram (ERG) waveform
from all subjects (Figure 1A), the major component of
which was a large corneal positive deflection (b-wave).
The generation of this b-wave has previously been at-
tributed to the activity of ON bipolar cells [31, 32].
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(A) Representative cone ERG traces from wild-type animals recorded at midday (upper trace) and midnight (lower trace) in response to a brief
(10 ms) flash against a rod-saturating background following short-term (10 min) dark adaptation. A marked diurnal difference was apparent, quan-
tifiable in terms of b-wave amplitude (baseline to peak) and implicit time (flash onset to peak) on a postfiltered (25 Hz low bandpass) trace (gray
line). Scale bars equal 50 mV for y axis and 50 ms for time base.
(B) Comparison of amplitude and implicit time (mean6 SEM) between midday (n = 8) and midnight (n = 6) revealed that responses during the day
were significantly larger (***p < 0.001, unpaired t test with Welch’s correction) and faster (**p < 0.01) than those recorded at night.
(C) After 10 min exposure to the rod-saturating light, ERG amplitude increased and implicit time decreased, indicative of light adaptation in the
cone ERG. Nevertheless, diurnal differences in both parameters were retained (*p < 0.05, unpaired t tests with Welch’s correction).We used this protocol to examine time-of-day differ-
ences in the activity of cone pathways by comparing
the form of ERGs recorded from mice at midday and
midnight. We found a large day/night difference in the
cone ERG waveform (Figure 1), with both the amplitude
and speed of the b-wave significantly enhanced during
the day. As the bipolar cells, whose activity the b-wave
reflects, are second order to the photoreceptors and
an essential element in the transfer of information
through the retina from photoreceptors to ganglion
cells, these findings reveal an increase in the amplitude
and speed of the inner retinal response to cone activa-
tion during the daytime. Consequently, these events
would have the effect of optimizing photopic vision at
a time of day when it is likely to be employed.
To exclude the possibility that the strong diurnal vari-
ation in cone pathway activity that we observed was
dependent on the specific characteristics of our ERG
protocol, we continued to demonstrate similar time-of-
day effects on the cone ERG under short-term (10 min)
light adaptation (Figure 1C) and when a fast-flicker
ERG was used to isolate cone pathways (see Figure S1
in the Supplemental Data available with this article
online).
The Cone Pathway Is Regulated According to Both
Light History and Circadian Phase
Animals sampled at midday differ from those at midnight
in both their recent history of light exposure and the
phase of their internal circadian clock. In order to deter-
mine the extent to which each of these features was re-
sponsible for the observed diurnal variation in cone
ERG, we investigated the effects of extended dark expo-
sure during the day and extended light exposure during
the night (Figure 2A). Both treatments were able to
partly, though not fully, reverse the diurnal variation in
cone pathway function (Figures 2B and 2C). Thus, bothrecent light history and circadian phase contribute to
the differences between midday and midnight.
Interestingly, the precise nature of the interaction be-
tween these two drives differed for amplitude and im-
plicit time (Figures 2B and 2C), implying a separation
in the mechanisms regulating these two aspects of
cone pathway function. Long-term exposure to light
overrode any circadian influence to produce equally
short implicit times at any time of day (Figure 2C). This
suggests that light induces a strong positive drive for
speed of response, perhaps through modulation of cel-
lular excitability within the cones [33] and/or bipolar cells
[34] or by altering the kinetics at the cone to bipolar cell
synapse.
The regulation of cone ERG amplitude was somewhat
different. Darkness overcame circadian phase to pro-
duce equally suppressed responses at any time of day
(Figure 2B). Thus, light appears to facilitate high ampli-
tudes, suggesting the presence of a dominant dark-de-
pendent inhibition that is interrupted by light. This may
originate with an inhibitory effect of dark-adapted rods
on cone pathway activity [35, 36]. Increasing evidence
in mice indicates that rods can make direct synaptic
connections with cone bipolar cells and that through
gap junction coupling they may recruit the cone:bipolar
cell synapse itself [37–41]. Long-term dark exposure
may increase utilization of these recently revealed rod
pathways in order to facilitate scotopic vision and, in
the process, inhibit the activity of normal cone path-
ways.
Under appropriate lighting regimes (extended dark-
ness for implicit time and extended light for amplitude),
an influence of circadian phase on both aspects of cone
pathway activity was apparent. This indicates an im-
portant role for the circadian clock in regulating retinal
function in mice. The origin of this circadian influence
remains unclear. The mammalian retina contains an
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391Figure 2. The Diurnal Variation in Cone ERG Is a Function of Both Light History and Circadian Phase
(A) A graphical representation of experimental lighting conditions. Arrows indicate the approximate times (61 hr) of ERG recording under a 12 hr
light:12 hr dark cycle (white and black bars indicate light and dark, respectively) and under extended exposure to darkness (day-dark) or light
(night-light). In all cases, recordings were preceded by 10 min darkness to normalize short-term adaptation.
(B) Light at night only partially restored b-wave amplitude (mean 6 SEM) to midday levels (one-way ANOVA p < 0.0001; post hoc Bonferroni’s
selected comparisons), indicating a role for both light history and circadian phase in determining this parameter. By contrast, darkness during
the day fully suppressed amplitude to midnight levels.
(C) Light at night fully restored daytime implicit time (mean 6 SEM; one-way ANOVA p < 0.0001; post hoc Bonferroni’s selected comparisons).
However, dark during the day did not fully suppress speed to midnight levels (p < 0.01 midnight versus day-dark; n = 6 and 5, respectively), in-
dicating that both light history and circadian phase are important in determining this parameter. *p < 0.05, **p < 0.01, ***p < 0.001, and ns p > 0.05;
n = 8 midday, 6 midnight, 7 night-light, and 5 day-dark.autonomous circadian oscillator [16, 42], which might
drive these responses through purely intraretinal pro-
cesses. Alternatively, both neural and humoral path-
ways have been described via which the primary circa-
dian pacemaker in the suprachiasmatic nuclei could
influence retinal rhythmicity [43, 44].
A Role for Melanopsin
An important implication of our success in defining ex-
perimental protocols for measuring diurnal regulation
of visual pathways at a functional level in mice is that it
enables the power of genetic manipulation in this spe-
cies to be harnessed in mechanistic analyses. In a first
application of this approach, we used mice lacking mel-
anopsin, the photopigment of ipRGCs [27–29], to inves-
tigate the role of inner retinal photoreceptors in generat-
ing diurnal variations in retinal function. Opn42/2 mice
retain normal numbers of ipRGCs. However, while their
morphology and central projections are unaffected by
melanopsin loss, they are no longer photoreceptive [5].
Opn42/2mice exhibited a clear diurnal variation in the
cone ERG, with b-waves faster and larger during the day
than at night (Figure 3A). However, the magnitude of
these diurnal differences was reduced compared to
wild-types. Thus, the difference in amplitude between
midday and midnight was 86.40 6 16.88 mV (mean 6
SEM) in wild-types but only 41.56 6 20.22 mV (mean 6
SEM) in Opn42/2 (Figure 3A), while the difference in im-
plicit time was reduced from 24.27 6 4.96 ms in wild-
type to 14.08 6 5.54 ms in Opn42/2 (Figure 3A).
We have previously presented evidence that a nonrod
noncone photoreceptor transduces light history infor-
mation for the diurnal regulation of the cone ERG inhumans [30]. Consequently, we anticipated that the im-
paired diurnal variation in the cone ERG of Opn42/2
mice would be caused by a deficit in direct light regula-
tion. To test this possibility, we examined the effects of
long-term dark exposure during the day and long-term
light exposure during the night in this genotype. To our
surprise, light at night was able to completely restore
midday values for amplitude and implicit time, while
darkness during the day completely restored midnight
values in both parameters (Figures 3B and 3C). Thus,
while light history effects on cone pathway activity
were retained in Opn42/2 mice, circadian control ap-
peared to be absent.
One implication of these data is that, in mice, the reg-
ulation of retinal function according to light history orig-
inates solely with rod and/or cone photoreceptors. This
suggests that intrinsic cone events [33] and/or inhibitory
influences from rods [35, 36] provide this aspect of reti-
nal regulation.
By contrast, ipRGCs appear to fulfil an unexpected
role in facilitating circadian regulation of the mouse ret-
ina. The mechanistic basis for this function will be an im-
portant area for future investigation. While it remains
possible that melanopsin loss disrupts circadian control
within the retina through effects on the central supra-
chiasmatic nucleus clock (which could in turn regulate
retinal physiology via either endocrine or neuronal
mechanisms), this seems unlikely. Opn42/2 mice show
normal circadian rhythms in locomotor activity [45, 46],
and although melanopsin loss does impair some as-
pects of circadian photoentrainment, these effects are
not revealed under exposure to full light:dark cycles
such as used in these experiments [45, 46] (and our
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392Figure 3. Opn42/2 Mice Show Reduced Diurnal Variation in Cone ERG
(A) Representative cone ERG traces from Opn42/2 (dark lines) and littermate wild-type (gray lines) animals recorded at midday (upper panel) and
midnight (lower panel) reveal an attenuated rhythm in the mutant genotype. Scale bars equal 50 mV for y axis and 50 ms for time base.
(B and C) Both b-wave amplitude ([B]; mean 6 SEM) and implicit time ([C]; mean 6 SEM) were regulated according to light history, but not cir-
cadian phase in Opn42/2 mice, with significant differences (one-way ANOVA p < 0.001, post hoc Bonferroni’s selected comparisons) between
midday and midnight but not between midday and night-light or midnight and day-dark in either parameter. *p < 0.05, ***p < 0.001, and ns
p > 0.05; n = 9 midday, 5 midnight, 9 night-light, and 6 day-dark.own data, not shown). Thus, substantial evidence
confirms that central circadian rhythmicity is intact in
Opn42/2 mice, suggesting that the effects of melanop-
sin loss observed here are a reflection of a local intrare-
tinal interaction between ipRGCs and circadian signal-
ing.
There are two ways in which inner retinal photorecep-
tion could be required for circadian regulation of the
cone ERG. Perhaps the simplest explanation for our
data is that ipRGCs lie upstream of the retinal circadian
clock and that a coherent circadian signal is possible
only in the presence of melanopsin activity. Compo-
nents of the circadian molecular clock are found in mul-
tiple cell types within the retina [42, 47–49], suggesting
a relatively complex circadian organization in this tissue.The autonomy of individual cellular oscillators is largely
unexplored, as are the nature and origin of entraining/
synchronizing signals. Should ipRGCs alone provide
photoentrainment of these heterogeneous retinal os-
cillators, the loss of melanopsin may result in desyn-
chrony among this population [50] and the consequent
abolition of coherent circadian signaling within the retina
(Figure 4A).
An alternative possibility is that a circadian clock
gates the influence of melanopsin on the cone pathway
by regulating the intraretinal output of ipRGCs (Fig-
ure 4B), perhaps partly by modifying expression of mel-
anopsin itself [51]. Such an arrangement would explain
our findings only if light history modulates the cone
ERG via at least two separate pathways: a direct routeFigure 4. A Model for the Regulation of the
Cone Pathway by Melanopsin and a Circadian
Clock
The effects of melanopsin loss on the circa-
dian regulation of the cone pathway could
be explained if melanopsin (shown in blue)
lay either upstream (A) or downstream (B) of
a circadian clock (shown in pink) in circadian
control of the retina. Thus, ipRGCs may facil-
itate circadian control by entraining local ret-
inal clocks (A). In the absence of melanopsin,
the clock cell population may become de-
synchronized, resulting in the loss of coher-
ent circadian signaling. Alternatively, a clock
may gate the effects of ipRGCs on the cone
pathway (B). In this case, the clock would
have to facilitate both a light-dependent out-
put at night and a dark-dependent output
during the day in order to explain the time-
of-day dependence of light and dark treat-
ments and predict the loss of circadian con-
trol in Opn42/2mice. In all cases, arrowheads
represent stimulatory and bar-ends inhibitory
relationships.
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the light history effects retained in Opn42/2 mice (Fig-
ures 3C and 3D), and a melanopsin-dependent pathway
whose activity is regulated by a circadian clock. In this
case, loss of melanopsin would result in the abolition
of circadian but not light history control of the cone path-
way.
To date, the only described route by which melanop-
sin activity could either entrain local clocks or more di-
rectly influence elements of the cone pathway is via
gap junction coupling within the ganglion cell layer [7].
The target cells for this coupling are unknown; however,
they may include clock neurons and/or cells with the
ability to modify inner retinal function, either inherently
or perhaps through further coupling/signaling to other
cell types. Dopaminergic amacrine (DA) cells represent
a prime candidate for such targets as they are known
to regulate retinal function through paracrine and synap-
tic action and to express elements of the molecular cir-
cadian clock [42, 52].
Conclusions
We have described a robust diurnal modification of ret-
inal function in mice in which the processing of visual
information arising in cone photoreceptors is enhanced
in terms of both speed and magnitude at midday com-
pared to midnight. These modifications are determined
by two complementary factors: assessments of long-
term light history and the influence of a circadian clock.
Genetic ablation of melanopsin blunts the rhythm in
both amplitude and speed through the loss of circadian
regulation of these parameters. Our results represent
the first direct demonstration that melanopsin modu-
lates the processes of image-forming vision and reveal
the importance of inner retinal photoreceptors in opti-
mizing retinal physiology according to time of day.
Experimental Procedures
Animals
Adult (w80 days) melanopsin knockout (Opn42/2 [5]) and wild-type
littermate mice (mixed strain, 129/sv and C57/bl6) were used for all
experiments. Animals were bred and housed in the University of
Manchester under a 12 hr light:12 hr dark cycle. We found that the
magnitude and reliability of diurnal variations in cone ERG were de-
pendent on standardizing the entraining light (fluorescent source,
160 mW/cm2 at cage floor).
Electroretinography
Anesthesia was induced and maintained with ketamine (70 mg/kg)
and xylazine (7 mg/kg). Mydriatics (tropicamide 1% and phenyleph-
rine 2.5%) and hypromellose solution (0.3%) were used to dilate the
pupil and retain corneal moisture. The recording electrode, compris-
ing a silver chloride loop with integral saline-soaked cotton wick was
placed concentrically centered on the corneal-scleral margin, by
means of a micromanipulator. A similar silver chloride/saline wick
electrode was attached to the ear as a reference, and a surface-
contacting, adhesive gel electrode was attached to the tail to act
as ground. Electrode installation was conducted under dim red illu-
mination (>650 nm, irradiance at the cornea <10 mW/cm2) where
necessary. Electrode leads were connected via a signal conditioner
(Model 1902 Mark III, Cambridge Electronic Design, Ltd., CED, UK),
in which the signal was differentially amplified (33000) and filtered
(band-pass filter cut-off 0.5 to 200 Hz), and digitizer (Model 1401,
CED) to a Windows PC that displayed and recorded the information
(sampling rate 10 kHz) using the Signal 2.15 Software (CED). Core
body temperature was maintained (37ºC, by rectal probe) by
a warm water reservoir heated by an electrical mat. Mice in allexperimental groups were left in the dark for 10 min after electrode
placement in order for cone photoreceptors of animals previously
exposed to light to regain a high degree of dark-adapted sensitivity.
Hence, cone photoreceptors in all groups attained a standard and
essentially dark-adapted sensitivity state, irrespective of time of
day or prior light exposure. This time also allowed electrodes to sta-
bilize and preparations that displayed persistent baseline instability
during this period to be rejected.
Isolating the Cone Pathway
Rod-Saturating Background
Our primary method for isolating cone-driven activity was to mea-
sure responses to a bright white flash applied against a background
light of sufficient intensity to saturate rods. Cone ERGs were re-
corded via a bright white flash (10 ms duration, peak irradiance
615 mW/cm2 at the level of the cornea, Grass Model PS33 Photic
Stimulator, Astro-Med, Inc., RI) presented at a 0.5 Hz stimulus fre-
quency against a broad blue filtered (Grass blue filter, Astro-Med)
rod-saturating background light (272 mW/cm2 at the cornea;
PM203 Optical Power Meter, Macam Photometrics Ltd, Livingston,
UK), rendered uniform and full field by reflection within the light stim-
ulator dome positioned close to the test eye. Flash ERGs were col-
lected immediately after the commencement of background expo-
sure. Twenty 2 s sweep repetitions were averaged for analysis,
giving a total recording time of 40 s at 0.5 Hz.
We also recorded ERGs after 10 min of exposure to the rod-
saturating background light. In all groups, b-wave amplitude be-
came larger and implicit time smaller with increasing time spent un-
der the rod-saturating background illumination (Figures 1B and 1C).
These classical signs of light adaptation within the cone ERG [53, 54]
occurred in all experimental groups and genotypes tested. Overall,
light adaptation acted to reduce differences in speed and amplitude
between experimental groups. Nonetheless, analysis of these light-
adapted recordings supported all of the conclusions reported in this
manuscript (Figure 1C and data not shown).
Amplitude and implicit time of the b-wave were measured offline,
by Signal 2.15 Software (CED) on records filtered (low bandpass
25 Hz) to exclude oscillatory potentials. All such analysis was under-
taken blind, and recordings exhibiting large signal interference due
to excessive noise or flash artifact were excluded. Implicit time of
the b-wave was measured from the flash onset to time of peak. Be-
cause of the presence of flash artifacts and the sporadic appearance
of a small a-wave, we chose to measure b-wave peak amplitude
from the stable baseline immediately preceding the flash.
Flicker ERG
To confirm the results obtained with the rod-saturating background,
we used a fast flickering stimulus under otherwise scotopic condi-
tions to isolate the cone pathway in a different cohort of individuals.
After short-term (10 min) dark adaptation, flicker ERGs were re-
corded in response to a 30 Hz stimulus presented against a dark
background. Forty 500 ms epochs were averaged for analysis, giv-
ing a total recording time of 20 s at 30 Hz. The amplitude of the
evoked ERG was measured manually and by Signal 2.15 (CED)
power spectrum analysis.
Experimental Light Conditions
To investigate diurnal variation of the cone pathway, flash and flicker
ERGs were recorded under four experimental conditions (Figure 2A):
(1) midday, tested in middle of the light phase of a 12:12 hr LD cycle;
(2) midnight, tested in middle of the dark phase; (3) day-dark, tested
at midday but lights not turned on at the previous dawn, i.e., subjects
maintained in darkness for the previous 18 hr; and (4) night-light,
tested at midnight but lights not turned off at the previous dusk,
i.e., subjects held in the light for the previous 18 hr.
Supplemental Data
The supplemental figure can be found with this article online at
http://www.current-biology.com/cgi/content/full/16/4/389/DC1/.
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